1. Introduction {#sec0005}
===============

Nanocrystalline titanium dioxide (TiO~2~) powder has attracted much attention due to its great potential to be used in different applications such as dye sensitized solar cells, opto--electronic devices, photocatalysis and gas sensors \[[@bib0005], [@bib0010], [@bib0015]\]. TiO~2~ is also non-toxic, inexpensive, and stable in different chemical environment. It occurs in three different forms; rutile, anatase and brookite. Both anatase and rutile have a tetragonal unit cell, with the anatase phase having a more open structure, and the brookite phase has an orthorhombic structure \[[@bib0020], [@bib0025], [@bib0030]\]. Brookite is hardly studied due to its metastable crystal structure and according difficulty in synthesis. The rutile and anatase phases, on the other hand, have been intensively studied and exhibited significant technological uses related to their optical properties. The properties of TiO~2~ significantly depend on the microstructure and crystallographic phase.

TiO~2~ nanoparticles can be synthesized by techniques including sol-gel \[[@bib0015], [@bib0035], [@bib0040]\], hydrothermal \[[@bib0005], [@bib0045], [@bib0050]\], precipitation [@bib0055] and solvothermal \[[@bib0060], [@bib0065]\]. Among these, the sol--gel synthesis is a promising method for the preparation of nanocrystalline materials because of the mild experimental conditions, simple preparation process and lower cost \[[@bib0070], [@bib0075]\]. The solvent, precursor type, solution pH, additives and calcinations temperatures affect the sol-gel synthesized powders \[[@bib0080], [@bib0085], [@bib0090]\]. The pH of a medium significantly affects crystal structure and surface morphology of TiO~2~ nanostructures \[[@bib0095], [@bib0100], [@bib0105], [@bib0110]\]. B.K. Mutuma et al. [@bib0020] have reported the formation of pure TiO~2~ rutile phase annealed at 800 °C, and mixed anatase/brookite phase at 600 °C in a strong acidic medium. In the other report [@bib0115], a rutile crystalline phase was formed at the pH conditions between 2.5 and 4.5, and only anatase structure formed at pH greater than 4.5. However, the possibility of anatase structure at pH less than 5.0 or at low calcination temperature is overlooked.

Many researchers have discussed the effect of acidic or alkaline pHs on the photocatalytic activity of TiO~2~ nanoparticles \[[@bib0005], [@bib0045], [@bib0120]\]. However, the effect of acidic pH on the photoluminescence features of anatase TiO~2~ nanoparticles has been relatively unexplored [@bib0050]. This paper presents systematic photoluminescence investigation of TiO~2~ nanoparticles synthesized by a facile sol-gel method under acidic medium. The influences of the various concentrations of hydrochloric acid on the crystal forms, microstructure and optical properties of TiO~2~ nanopowders were discussed. The report also aims to determine the optimal value of pH appropriate for obtaining TiO~2~ with pure anatase phase and intense luminescence.

2. Experimental {#sec0010}
===============

TiO~2~ nanoparticles were prepared using sol-gel synthesis route. All chemical reagents were of analytic purity and used directly without further purification. Tetrabutyl orthotitanate (TiOC~4~H~9~) (99.9%, Sigma--Aldrich), hydrochloric acid (HCl, 37%, Sigma--Aldrich), and diethanolamine (NH(C~2~H~4~OH)~2~, 98%, Sigma--Aldrich) were used as the titanium precursor, acidic medium, and stabilizing agent, respectively. Four different samples of pH 6.8, 5.0, 4.4 and 3.2 were prepared with HCl of 0 ml, 1 ml, 2.5 ml and 20 ml, respectively. The initial solution pH was 6.8. In a typical synthesis, a mixture of 3 ml tetrabutyl orthotitanate, 4.8 ml diethanolamine and 0--20 ml HCl was added to the 67 ml ethanol (CH~3~CH~2~OH, 95%, Sigma--Aldrich). The mixture was stirred at room temperature for about 2 h. Then, 10 ml (ethanol + DI water) was added drop wise and stirring was continued until the solution changed into transparent liquid. The sol transformed to a gel after stabilization at room temperature for 3 days. The gel was dried at 130 °C for 5 h in a hot air oven to remove the moisture and other solvents. Finally the dried powder was crushed and calcined at 500 °C for 2 h in air (heating rate of 5 °C/min) to obtain the desired TiO~2~ nanocrostalline.

The crystalline structure of all the samples was identified using a D8 advanced X-ray diffractometer (Bruker, Germany) with Cu Kα (λ = 1.5418 Å) radiation. The accelerating voltage and applied current were 40 kV and 30 mA, respectively. The composition and surface morphology of the TiO~2~ powder was observed using a field emission scanning electron microscope (FESEM) (JEOL, JSM-7800F) equipped with an energy dispersive spectroscopy (EDS). Particle size analysis, crystallinity and lattice spacing of the samples were studied with transmission electron microscope (TEM; JEOL, JEM-2010F) and high-resolution transmission electron microscope (HRTEM; JEOL JEM-3010F) operated at 200 kV. Samples for the TEM were prepared by depositing a drop of the sample dispersed in methanol onto a carbon-coated copper grid and drying at room temperature. The reflectance UV-visible spectrum was obtained using a ParkinElmer (lambda 950) spectrometer with 150 mm InGaAs Integrating sphere accessory. The luminescence of all the samples at room temperature was also carried out by using a Fluorescence Spectrophotometer (F-7000, HITACHI).

3. Results and discussion {#sec0015}
=========================

[Fig. 1](#fig0005){ref-type="fig"}(a) shows XRD pattern of calcined TiO~2~ powders at different pH. On diffractograms, we labeled the dominant peaks associated with anatase (A), rutile (R) and brookite (B) phases. It can be seen that samples at pH 4.4--6.8 showed the anatase TiO~2~ crystal structure. The major XRD diffraction peaks can be attributed to (101), (004), (200), (211), (204), (116) and (215) plane of the tetragonal TiO~2~-anatase phase (JCPDS-832243). This result was also in good agreed with the previous report \[[@bib0030], [@bib0105], [@bib0125]\]. All the TiO~2~ samples are polycrystalline in nature with most intense peak corresponding to (110) plane. However, an anatase-rutile-brookite mixed phase is found at pH 3.2. The diffraction peaks are assigned from (110), (101), and (111) for the rutile and (121) for the brookite structures. The intensity of rutile at pH 3.2 was increased significantly compared to anatase indicating presence of larger proportion of rutile phase in the mixture. The phase content of the sample at pH 3.2 was calculated from the integrated intensities of anatase (101) and rutile (110) according to Spurr equation [@bib0130]:$$W_{R} = \frac{I_{R(110)}}{{0.884I}_{A(101)} + I_{R(110)}}$$

where *W~R~* represents the weight fraction of rutile phase in the powder. The I*~A~*~(101)~ and I*~R~*~(110)~ are the diffraction peak intensity of anatase (101) phase, and rutile (110) phase, respectively. The weight ratio of rutile phase was calculated to be 0.5766 (57.66%). It was observed that the rutile phase dominated over anatase and brookite phases in a strong acidic medium (pH 3.2), indicating a change in surface properties [@bib0020]. This result is in good agreement with literature data [@bib0045]. Lower pH enhances the growth of anatase TiO~2~ with rutile TiO~2~ impurities. [Fig. 1](#fig0005){ref-type="fig"}(b) shows a magnified anatase (101) peak of TiO~2~ at different pH. The diffraction peaks shifted slightly to the higher angle side with the increase of hydrochloric acid concentration. This peak shift might be due to different kinds of strain (tensile and compressive) developed in the TiO~2~ nanoparticles.

[Table 1](#tbl0005){ref-type="table"} summarizes the full width at half-maximum (FWHM), lattice constants, lattice strain, and average crystallite size of TiO~2~ nanoparticles at different pH obtained from Debye--Scherrer formula and Williamson--Hall analysis. The FWHM of the anatase (101) plane was found to decrease from 0.8208 to 0.3876 with the decrease in the pH value from 6.8 to 5.0, and then the FWHM tends to increase to 1.0488 as the pH value further decreased to 3.2. The lattice constants (i.e. *a* and *c*) were calculated from the lattice spacing of anatase (101) and (200) peaks in accordance with the Bragg equation for the tetragonal lattice structure (*a* = b ≠ *c*) using Eq. [(2)](#eq0010){ref-type="disp-formula"}:$$\frac{1}{{d^{2}}_{hkl}} = \frac{h^{2} + k^{2}}{a^{2}} + \frac{l^{2}}{c^{2}}$$

where, *d~hkl~* is the spacing between the planes corresponding to Miller indices *h*, *k*, *l*, and *a*, *c* are the lattice constants. The calculated lattice constants are presented in [Table 1](#tbl0005){ref-type="table"}. It is found that the lattice parameters were slightly decreased proportionally with decreasing pH, from a value of *a* = 3.7964 Å for pH 6.8 to 3.7875 Å for pH 3.2, and from a value of *c* = 9.6052 Å for pH 6.8 to 9.5488 Å for pH 3.2. The lattice parameters did not show any significant change at different pH value, indicating that the interaction of hydrochloric acid with the TiO~2~ nanoparticles has been occurred only at the surface of the nanoparticles. The calculated lattice constants are close to the literature values \[[@bib0045], [@bib0135]\]. The crystallite size *D~D−S~* of the prepared powders can be estimated based on the FWHM of anatase (101) diffraction line broadening using Debye--Scherrer (D--S) formula [@bib0140]:$$D_{D - S} = \frac{0.9\lambda}{\beta\,\cos\theta}$$

where *D~D−S~* is the crystallite size, λ the X-ray wavelength, β the full width at half maximum (FWHM) in radian and θ is the Bragg's diffraction angle. The average crystallite size ([Table 1](#tbl0005){ref-type="table"}) increased with decrease of the pH, from 9.92 nm for the sample synthesized in pH 6.8 to 21.02 nm for the sample synthesized at pH 5.0, and then the crystallite size tends to decrease to 7.77 nm, for the sample synthesized at highly acidic medium (pH 3.2). The decrease in the crystallite size below pH 5 has been attributed to the repulsive interactions between hydrochloric acid and precursor solution that prevents coalescence of the nanocrystallites and inhibits the particle growth \[[@bib0045], [@bib0145]\]. Similar result has been also reported by Y.F. You et al. [@bib0025]. In our synthesis route, the average crystallite size of TiO~2~ at neutral medium (pH 6.8) is slightly smaller to the reported value of TiO~2~ prepared by hydrothermal method [@bib0150].

Using Williamson-Hall plot (W--H), the crystallite size and lattice strain have been calculated using the relation [@bib0155]:$$\beta\cos\theta = \frac{0.9\lambda}{D_{W - H}} + 4\varepsilon\sin\theta$$

where β is FWHM in radians, λ the wavelength of X-ray, θ the diffraction angle, D~W−H~ the effective particle size and ε is the effective strain. From the linear fit to the data (βcosθ versus 4sinθ plot, not shown), the crystallite size was estimated from the y-intercept, and the strain ε, from the slope of the fit. The strains of as-prepared nanoparticles were found to be −0.0024, 0.0025, −0.0027 and −0.0037 for the pH 6.8, 5.0, 4.4 and 3.2, respectively. The compressive and tensile strains are indicated by positive and negative signs, respectively \[[@bib0160], [@bib0165]\]. Samples at pH 6.8, 4.4 and 3.2 showed a compressive strain and this strain may be due to the lattice shrinkage, whereas sample at pH 5.0 showed a tensile strain may attributed to the lattice expansion. The larger strain induced at pH 3.2 could lead to peak broadening. The average crystallite sizes from W--H equation were ∼9.8, 23.5, 8.4 and 8.1 nm for the pH 6.8, 5.0, 4.4 and 3.2 samples, respectively. It can be concluded that the lattice strain of the nanoparticles is inversely proportional with crystallite size [@bib0170]. The average crystallite sizes obtained from W--H method was also in good agreement with the results obtained from Debye--Scherrer's (D-S) equation ([Table 1](#tbl0005){ref-type="table"}).

[Fig. 2](#fig0010){ref-type="fig"}(a) shows the UV--vis reflectance spectra of TiO~2~ nanopowders obtained at different pH levels. The reflectance measurements were recorded at room temperature in the wavelength range of 200--800 nm. It can be seen that the addition of hydrochloric acid in the precursor slightly shifted the absorption band edge to lower wavelength for samples prepared at pH 5.0--3.2. Besides, sample prepared at pH 5.0 displayed the highest reflectance over the other samples. Diffuse reflectance spectral studies in the UV--vis region were carried out to estimate the optical band gap of the synthesized TiO~2~ nanoparticles. [Fig. 2](#fig0010){ref-type="fig"}(b) shows the band gap energies of the TiO~2~ nanopowders at different pHs, which were estimated from the diffuse-reflectance spectra using the Kubelka--Munk function [@bib0175], and the *F*(*R*) value is obtained from the following equation (Eq. [(5)](#eq0025){ref-type="disp-formula"}),$$F(R) = \frac{\left( {1 - R} \right)^{2}}{2R}$$

where *F(R)* is Kubelka--Munk function, and *R* the reflectance (%). The Kubelka--Munk function *F(R)* is basically the absorbance, where the effects of scattering are eliminated. The absorption coefficient *F*(*R*) and the bandgap, *E~g~* ar*e* related through the equation [@bib0180]:$$\left\lbrack {F(R)h\nu} \right\rbrack^{n} = A\left( {h\nu - E_{g}} \right)$$

where *hν* is the photon energy, *A* is a proportionality constant, and *n* = 2 for direct band gap material. In this way, the plotting of \[*F*(*R*). *hν*)^2^ vs. *hν*, the so-called Tauc plot, gives the possibility to obtain the optical band gap by dropping a line from the maximum slope of the curve to the *x*-axis, as shown in [Fig. 2](#fig0010){ref-type="fig"}(b) [@bib0185]. The *E*~g~ values were calculated to be 3.2, 3.25, 3.28, 3.35 eV for pH 6.8, 5.0, 4.4 and 3.2 samples, respectively. The increase in band gap can be correlated to the reduction of the crystallite size that determined quantum size effect, which induce a blue shift of the absorption edge in the optical reflectance \[[@bib0190], [@bib0195]\]. Lowering of pH gave an obvious decrease of the crystallite size that can be correlated with the increase of the band gap [@bib0200].

[Fig. 3](#fig0015){ref-type="fig"}(a) exhibits the photoluminescence (PL) emission spectra of TiO~2~ nanoparticles at different pH under the 320 nm excitation. The sample at pH 6.8 was taken as the neutral medium. A broad blue emission band was formed from 410 nm to 440 nm and centered at around 432 nm for all samples [@bib0050]. This broad emission can be attributed to the defect related electron-hole recombination [@bib0205]. The most intense peak was obtained at pH 5.0, which could be related to the increase in crystallite size. However, a drastic decrease intensity of the PL peak was observed for pH 4.4 and 3.2, indicating that the inclusion of more HCl content on the precursor solution quench the PL emission. A low PL intensity means that charge separation is improved and electrons transfer can effectively decrease the recombination of the charge carriers, leading to a lower emission intensity [@bib0210]. [Fig. 3](#fig0015){ref-type="fig"}(b) shows the normalized PL emission spectra of TiO~2~ nanoparticles at different pH levels. It can be seen that the peak position for the pH 4.4 and 3.2 samples is slightly shifted to the lower wavelength region \[[@bib0215], [@bib0220]\]. This may be associated with the change in lattice strain. [Fig. 3](#fig0015){ref-type="fig"}(c) and (d) shows the Gaussian fitting and the de-convoluted PL emission spectra of TiO~2~ nanoparticles for the pH 6.8 and 5.0. Three defects related peaks are observed at 410, 440 and 510 nm. The possible defects that can contribute to PL characteristic is oxygen vacancies, and it is the transitions of electrons from the defect energy level to the valence band, possessing the wavelength between 400--600 nm located in the visible light region [@bib0225].

[Fig. 4](#fig0020){ref-type="fig"} shows the CIE (International Commission on Illumination) chromaticity diagram of TiO~2~ nanopowders at different pH. From the chromaticity diagram, it can be seen that the color coordinates traverse a wide range from the deep blue to light blue when the concentration of HCl was varied. The color coordinates (*x*,*y*) were found to be (0.181, 0.181), (0.180, 0.184), (0.176, 0.162) and (0.181, 0.191) for the samples prepared at different pHs 6.8, 5.0, 4.4 and 3.2, respectively. As evident from the numbers, the TiO~2~ nanopowder has an overall emission corresponding to the blue region of the visible spectrum, and the oxygen vacancies could act as radiative centers in luminescence processes.

[Fig. 5](#fig0025){ref-type="fig"} shows the FESEM images of TiO~2~ nanoparticles prepared at different pH. At pH 6.8 ([Fig. 5](#fig0025){ref-type="fig"}(a)), the as-prepared powder consists of uniform morphology with low agglomeration. The sample prepared at pH of 5.0 ([Fig. 5](#fig0025){ref-type="fig"}(b)) is formed from agglomerated and aggregated nanoparticles of irregular shape. The tendency of particle agglomeration is directly related to the increase in crystallite size obtained at pH 5.0 ([Table 1](#tbl0005){ref-type="table"}). It is found that the morphology markedly depends on the pH of precursor solution. [Fig. 5](#fig0025){ref-type="fig"}(c) shows the SEM-EDX spectrum of TiO~2~ sample at pH 5.0. The EDX spectrum confirmed the sample was composed of Ti and O elements. The insert in [Fig. 5](#fig0025){ref-type="fig"}(c) shows the at.% of the corresponding elements. The atomic content of Ti, and O was 43.82%, and 56.18%, respectively. The atomic ratio of O to Ti, within the limit of the resolution (approximately ± 1 atom %), is close to 1.7:1.3. This value is far below for the required stoichiometric ratio of 2:1. Hence, the sample at pH 5.0 became Ti-rich and O-poor. This oxygen deficiency could lead to the defect-related blue emission in the PL analysis ([Fig. 3](#fig0015){ref-type="fig"}).

[Fig. 6](#fig0030){ref-type="fig"} shows the TEM images of TiO~2~ nanoparticles at different pH values. [Fig. 6](#fig0030){ref-type="fig"}(a) shows the TEM image of TiO~2~ sample at pH 6.8. It demonstrates clearly the dispersion of tetragonal crystals composed of some aggregates of spherical shapes with an average crystallite size of ∼10 nm. [Fig. 6](#fig0030){ref-type="fig"}(b) presents the TEM image of the synthesized TiO~2~ nanoparticles at pH 5.0. The particles are found in the range of 16--20 nm [@bib0230]. Besides, there are more agglomerations which could be seen on the surface. The crystallite sizes estimated from the TEM images are very close to the average size of the crystallites estimated from the FWHM of an X-ray diffraction peak by using D−S and W--H equations. It implies that the sol-gel process can mix well the multiple constituents at atomic scale and a high homogeneity can be retained in the derived products. [Fig. 6](#fig0030){ref-type="fig"}(c) shows the selected area diffraction (SAED) patterns of TiO~2~ sample at the pH value 5.0. The SAED shows the apparent ring diffraction patterns with concentric circles of small spots indicating the polycrystalline nature and revealed the diffraction spots for anatase TiO2. The diffraction rings are indexed as (101), (004), (200), (211) and (204) planes, which confirm the formation of tetragonal TiO~2~ phase \[[@bib0105], [@bib0125]\], are matched with the XRD results. [Fig. 6](#fig0030){ref-type="fig"}(d) shows the HRTEM image of the acid-treated sample at pH 5.0. From the distance between the adjacent lattice fringes, the lattice plane on the nanoparticles can be assigned. It clearly shows an ordered fringes spaced at 0.35 nm corresponding to the crystalline (101) plane of the anatase TiO~2~ \[[@bib0235], [@bib0240]\], which is also observed as highest intensity peak in XRD pattern.

4. Conclusions {#sec0020}
==============

Titanium dioxide powders were successfully synthesized by a facile sol-gel method. The influence of acidic pH on the formation of TiO~2~ crystalline phases and on optical properties was studied. Based on XRD measurements, only the anatase was obtained at pH 4.4, 5.0 and 6.8 whereas a mixture of anatase, brookite and dominant rutile phases obtained at pH 3.2. The nanocrystals size was increased in the range of 21--24 nm when the growth pH was altered from 6.8 to 5.0, and then decreased to 8 nm when the pH was further decreased to 3.2. The strain value also increased as HCl concentration increased. The SEM and TEM observations indicated that morphology and crystallite size of the samples depend on the pH precursor solution. An enhanced intensity peak cantered around 432 nm was obtained at pH 5.0. Further increased HCl content weaken the PL intensity due to a lower combination of electron-hole pair. Obtained data reveals that TiO~2~ nanoparticles at pH 5.0 exhibited the optimal structural properties with pure anatase phase, large crystallite size and high PL intensity.
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![(a) XRD patterns of TiO~2~ powders synthesised at different pHs and heat treatment at 500 °C for 2 h (A anatase, R rutile, B brookite), and (b) detailed XRD plots of the A(101) and R(110) peaks of TiO~2~ nanopowders at different pH levels.](gr1){#fig0005}

![(a) UV--vis reflectance spectra of TiO~2~ samples synthesised at different pHs, after heat treatment at 500 °C for 2 h. (b) Plot of (F(R)*hν*)^2^ versus *hν*, of the TiO~2~ nanoparticles at various pHs, for band gap evaluation.](gr2){#fig0010}

![(a) Room temperature PL emission spectra of TiO~2~ nanoparticles at different pHs, (b) normalized emission intensity, and the de-convoluted samples at pH (c) 6.8 and (d) 5.0. The PL spectra were obtained at excitation wavelength of 320 nm.](gr3){#fig0015}

![The CIE chromaticity diagram of TiO~2~ nanopowders at different acidic pHs.](gr4){#fig0020}

![FESEM image of TiO~2~ nanopowder at (a) pH 6.8, (b) pH 5.0, and (c) the corresponding SEM EDX spectrum of TiO~2~ nanopowder at pH 5.0. The inset in [Fig. 5](#fig0025){ref-type="fig"}(c) shows the atomic composition of the EDX analysis.](gr5){#fig0025}

![TEM images at (a) pH 6.8, (b) pH 5.0, (c) selected area electron diffraction (SAED) pattern at pH 5.0, and (d) HRTEM image at pH 5.0.](gr6){#fig0030}

###### 

FWHM, crystallite size, lattice strain and lattice constants of TiO~2~ nanoparticles obtained at different pH values.

Table 1

  pH value   FWHM (2θ)   Lattice constant, *a* (Å)   Lattice constant, *c* (Å)   Crystallite size, D−S (±1 nm)   Crystallite size, W−H (±1 nm)   Strain (ε)
  ---------- ----------- --------------------------- --------------------------- ------------------------------- ------------------------------- ------------
  6.8        0.8208      3.7964                      9.6052                      9.92                            9.8                             --0.0024
  5.0        0.3876      3.7913                      9.5608                      21.01                           23.5                            0.0025
  4.4        0.8664      3.7903                      9.5588                      9.4                             8.4                             --0.0027
  3.2        1.0488      3.7875                      9.5488                      7.77                            8.1                             --0.0038
